Intracellular calcium ([Ca 2+ ] i ) signaling mediates physiological and pathological processes in multiple organs, including the renal podocyte; however, in vivo podocyte [Ca 2+ ] i dynamics are not fully understood. Here we developed an imaging approach that uses multiphoton microscopy (MPM) to directly visualize podocyte [Ca 2+ ] i dynamics within the intact kidneys of live mice expressing a fluorescent calcium indicator only in these cells.
Introduction
Glomerular dysfunction is a common basis for the development of chronic kidney disease, a condition with significant comorbidities and mortalities. One glomerular cell type, the podocyte, plays a critical role in the maintenance of the normal structure and function of the glomerular filtration barrier (GFB), which performs plasma ultrafiltration. Podocytes are unique, highly differentiated perivascular cells around the glomerular capillaries that form interdigitating foot processes and the slit diaphragm, a key component of the GFB (1) . According to the current model of podocyte pathology, rearrangement of the actin cytoskeleton is key in foot process effacement, disruption of the slit diaphragm, and albuminuria development and represents a starting point for progressive kidney disease (2) . Several studies linked these pathological changes to elevated podocyte intracellular calcium ([Ca 2+ ] i ) (3) , including the classical effects of protamine sulfate, which can cause foot process effacement in vivo (4, 5) , and those of Ang II (6) . Transient receptor potential channels 5 and 6 (TRPC5/6), which mediate nonselective, cationic currents in the podocyte plasma membrane, are known to regulate actin dynamics and cell motility of podocytes (7, 8) , and TRPC6 gain-of-function mutations were found in families with hereditary focal segmental glomerulosclerosis (FSGS) (9, 10) . The discovery that actin dynamics is regulated directly by the [Ca 2+ ] i -activated phosphatase calcineurin (11) , as well as the emergence of Rho GTPases as critical regulators of podocyte motility (2, 11) , further support the key role of [Ca 2+ ] i signaling in podocyte function and the development of glomerular pathologies. However, our mechanistic understanding of podocyte [Ca 2+ ] i dynamics in health and disease is limited to knowledge obtained from in vitro approaches and on the above calcium channels. There may be other important and pathologically relevant mechanisms that control podocyte [Ca 2+ ] i . Moreover, there are significant gaps in our understanding of how altered podocyte [Ca 2+ ] i dynamics and motility are linked to the development of albuminuria and glomerulosclerosis in the intact kidney in vivo. For example, recent data suggest a dual and context-dependent role of TRPC6 in podocytes: acute activation protects from complementmediated damage, but chronic overactivation leads to FSGS (12) . The full mechanistic understanding of podocyte [Ca 2+ ] i dynamics would be critical for the development of new therapeutic strategies targeting the podocyte in human glomerular disease.
Over the past decade, several applications of multiphoton microscopy (MPM) imaging made it possible to image the structure and function of the intact kidney in living animals with exceptional spatial and temporal resolution (13) (14) (15) . The basic principles and advantages and the various past applications of this revolutionary, minimally invasive optical sectioning technique for kidney research have been reviewed recently (14) . MPM imaging of mouse glomeruli in vivo is now possible (13, (16) (17) (18) (19) and can be applied in generally available transgenic mouse models, including podocin/Cre mice (20) and a variety of fluorescent reporter mice, to establish cell-specific expression of fluorescent proteins in podocytes for imaging applications. For example, several genetically encoded calcium indicators have been developed, including the GFP-based calcium sensor GCaMP family, and their in vivo mouse models have been successfully used for neuronal imaging (21, 22) .
Here we report the development of a novel imaging approach to study podocyte [Ca 2+ ] i dynamics in vivo in the intact mouse kidney, based on the combination of MPM and a new podocin/ Cre-GCaMP3 flox mouse model (referred to herein as Pod-GCaMP3 mice). Our first applications of this new technical advance demon-ger elevations in podocyte [Ca 2+ ] i in vitro (6) Figure 1F) . We also applied a new method of focal podocyte insult by exposing a small area of a single podocyte to a short pulse of focused laser beam. In contrast to Ang II, laser-induced focal podocyte injury triggered a robust and sustained elevation in podocyte [Ca 2+ ] i around the injury site (F max /F 0 , 5.4 ± 1.3, P < 0.05 vs. control; n = 21 glomeruli from n = 9 mice; Figure 1 , E and F). Laser injury-induced elevations in podocyte [Ca 2+ ] i were not affected significantly by losartan pretreatment (F max /F 0 , 4.1 ± 0.5; n = 5 glomeruli from n = 4 mice; Figure 1F ). 2+ ] i wave was 5.3 ± 0.9 in controls (n = 19 glomeruli from n = 9 mice) and 1.9 ± 0.2 with suramin (n = 13 glomeruli from n = 3 mice), and velocity of the [Ca 2+ ] i wave was 4.9 ± 1.0 μm/s in controls and 1.9 ± 0.5 μm/s with suramin (both P < 0.05; Figure 2C ).
Quantitative MPM imaging of the effects of increased podocyte [Ca 2+ ] i on glomerular function. In addition to the direct visualization of the changes in podocyte [Ca 2+ ] i in the intact mouse kidney in vivo, this new imaging approach also allows for the study of their spatial and temporal correlations with changes in glomerular structure and function (e.g., GFB permeability to macromolecules, or capillary strated its utility in studying the role of podocyte [Ca 2+ ] i in overall glomerular function in health and disease and in exploring new control mechanisms of podocyte [Ca 2+ ] i after podocyte injury.
Results

Characterization of the Pod-GCaMP3 mouse model for in vivo imaging.
We used available mouse genetic tools for the cell-specific expression of the genetically encoded calcium indicator GCaMP3 for our in vivo MPM imaging approach to study podocyte [Ca 2+ ] i in the intact kidney. Pod-GCaMP3 mice were generated by intercrossing podocin/ Cre (20) and GCaMP3 flox reporter mice (22) . Immunofluorescence colocalization of GCaMP3 and the podocyte marker podocin confirmed the podocyte-specific expression of GCaMP3 in these mice ( Figure 1 , A-C). Next, Pod-GCaMP3 mice were subjected to MPM imaging of the intact kidney. This new imaging approach directly visualized the structure of a number of superficial glomeruli and GCaMP3 fluorescence in podocytes in vivo with profound detail ( Figure 1D ). Time-lapse MPM imaging revealed low GCaMP3 fluorescence in podocytes at baseline conditions ( Figure 1E and Supplemental Video 1; supplemental material available online with this article; doi:10.1172/JCI71702DS1), reflective of low [Ca 2+ ] i in healthy podocytes and its minor variations over time.
To test the ability of our imaging approach to detect alterations in podocyte [Ca 2+ ] i , we first applied Ang II, which is known to trig- Figure 4C ). To further explore the role and molecular mechanism of purinergic calcium signaling in podocyte injury, genetic and pharmacological approaches were used to block the calcium wave. First, we compared podocyte [Ca 2+ ] i dynamics during wave propagation in preparations from WT mice and P2Y2 purinergic receptor KO mice using Fluo-4/Fura Red. Compared with WT control (n = 5 glomeruli), P2Y2 deficiency (n = 7 glomeruli) significantly reduced the magnitude (F max /F 0 ; WT, 2.51 ± 0.4; P2Y2 KO, 1.18 ± 0.1, P < 0.05) and velocity (WT, 9.1 ± 3.3 μm/s; P2Y2 KO, 1.3 ± 1.2 μm/s, P < 0.05) of the [Ca 2+ ] i wave ( Figure 4D ). In addition, application of several chemical inhibitors to the bathing and/or perfusion solutions using control WT tissues significantly reduced the magnitude and velocity of the podocyte [Ca 2+ ] i wave ( Figure 4D ), including IP 3 receptor blockade with xestospongin C (XSC; F max /F 0 , 1.34 ± 0.2; velocity, 0.5 ± 0.5 μm/s; n = 5), gap junction (connexin) inhibition with 18 α-glycyrrhetinic acid (18α-GA; F max /F 0 , 1.28 ± 0.2; velocity, 0.8 ± 0.8 μm/s; n = 4), and extracellular ATP scavenging with a cocktail of apyrase combined with hexokinase (F max /F 0 , 1.12 ± 0.1, velocity: 1.4 ± 1.0 μm/s; n = 4).
Podocyte [Ca 2+ ] i imaging in vivo in disease models. We applied this new imaging approach in 2 clinically relevant disease models to show the feasibility of directly visualizing the changes and role of podocyte Figure 3C ). The albumin permeability of the GFB increased almost 5-fold during the podocyte [Ca 2+ ] i wave, estimated by the increased albumin-Alexa Fluor 594 fluorescence in the Bowman's space (F max /F 0 , 4.8 ± 1.6; n = 16 glomeruli from n = 9 mice; Figure 3D ). Importantly, suramin pretreatment prevented the albumin leakage during the podocyte [Ca 2+ ] i wave (F max /F 0 , 1.4 ± 0.1, P < 0.05; n = 6 glomeruli from n = 3 mice; Figure 3D ). In addition, simultaneously with the increasing podocyte GCaMP3 fluorescence during the propagation of the podocyte [Ca 2+ ] i wave, a significant reduction in the size of the glomerular tuft developed within seconds ( Figure 2B ; Figure 3 , C and E; and Supplemental Video 3), suggestive of podocyte contraction and alterations in glomerular hemodynamics. The size of the glomerular tuft area was 2,374 ± 166 μm 2 before the podocyte [Ca 2+ ] i wave and 2,150 ± 162 μm 2 at its peak (P < 0.05; n = 18 glomeruli from n = 9 mice; Figure 3E ). These data provided resents an excellent tool for detecting changes in podocyte [Ca 2+ ] i and associated alterations in glomerular function in vivo in health and disease. Therefore, this new approach solves a critical technical barrier in kidney research and allows for detailed investigation of the molecular and cellular mechanisms of albuminuria and glomerulosclerosis in the intact living kidney. We demonstrated the utility of this new technical advance in several pioneering applications. First, we showed that the baseline and agonist-induced dynamic changes in podocyte [Ca 2+ ] i could be detected in the intact glomerular environment in a minimally invasive manner with high spatial and temporal resolution. Second, a new podocyte injury model was applied, which revealed cell-to-cell propagation of a podocyte [ Until recently, fluorescence imaging with traditionally used, synthetic Ca 2+ -sensitive dyes has been the method of choice by which to study [Ca 2+ ] i -dependent functions of several cell types, including in the kidney. In the present study, however, we used the genetically encoded fluorescent indicator GCaMP3 to achieve cell-specific delivery and to avoid the many technical difficulties associated with in vivo delivery and use of classical acetoxymethylester-based (AM-based) fluorophores (14) . In Pod-GCaMP3 mice, GCaMP3 was expressed selectively in podocytes with diffuse cytosolic distribution and showed a was induced in Pod-GCaMP3 or Pod-GFP mice, and fluorescence intensity in podocytes was followed during the initial phases of glomerular pathology. MPM imaging demonstrated that compared with stationary podocytes, which had low steady-state GCaMP3 fluorescence intensity (i.e., low [Ca 2+ ] i ), podocytes that appeared to cluster or migrate to the parietal layer of the Bowman's capsule showed high GCaMP3 fluorescence (i.e., high [Ca 2+ ] i ; Figure 5 , A and D). GCaMP3 fluorescence in motile podocytes increased >10-fold in the UUO model over time (day 10 after UUO, 906 ± 142 AU; day 12, 2,746 ± 399 AU, P < 0.05 vs. day 10; day 16, 11,232 ± 1,422 AU, P < 0.05 vs. day 12; n = 5-15 glomeruli each; Figure 5C ). Due to the rapidly developing pathology in the cytotoxic IgG-induced FSGS model (23, 24) , the present studies examined only the early changes through the first 4 days after induction. GCaMP3 fluorescence in clustering podocytes increased >2-fold over time (day 3 after induction, 3,811 ± 395 AU; day 4, 8,387 ± 332 AU, P < 0.05; n = 9-15 glomeruli each; Figure 5F ). To ascertain that increased GCaMP3 fluorescence reflected increased podocyte [Ca 2+ ] i and not increased protein expression, the same disease models were applied in Pod-GFP mice as control. GFP expression in these mice is an appropriate control for protein expression, since the Cre that activated GCaMP3 and GFP was expressed under the same promoter (podocin) in Pod-GCaMP3 and Pod-GFP mice, respectively. Moreover, both fluorescent reporters were in the same ROSA26 locus. During the same period, no significant changes or even reduction were observed in podocyte GFP fluorescence, although podocyte clustering and migration were still present ( Figure 5 , B, C, E, and F).
Discussion
In this study, we developed a new imaging approach to directly visualize [Ca 2+ ] i dynamics in the critically important but inaccessible renal cell type of podocytes in vivo in the intact kidney. The applied method was the combination of intravital MPM with transgenic mice that stably express the improved genetically encoded fluorescent indicator GCaMP3 selectively in podocytes, under the control of the podocin promoter. Our findings indicated that MPM imaging of Pod-GCaMP3 transgenic mice rep- (6) , an effect that involves TRPC5/6 nonselective cation channels (3, 30) and is implicated in glomerulosclerosis (9) . Ang II caused small but significant elevations in podocyte [Ca 2+ ] i in vivo that were inhibited by the AT 1 receptor blocker losartan (Figure 1 , E and F), consistent with earlier studies on the role of Ang II and AT 1 receptor in these cells (6) . However, the Ang II-induced changes in [Ca 2+ ] i were minor compared with the robust effects of direct podocyte injury, which were not inhibited by losartan, and therefore did not involve endogenous Ang II or the AT 1 receptor (Figure 1 , E and F, and Figure 2C ). However, an interaction between Ang II and P2 purinergic receptor signaling in injury models and disease conditions is possible, and will require further study.
In terms of the podocyte injury model, a short pulse of laser beam was used to induce well-controlled, localized, reproducible, acute, and titratable (based on laser power and size of region of interest [ROI] scan area) podocyte injury that can be applied anywhere in the glomerulus. The laser-induced cell injury was focal, transient, and reversible in nature, likely caused by local heat induction resulting in temporarily increased cell membrane permeability. We never observed leakage of GCaMP3 from within the cell, podocyte loss (cell death), or exit via urinary space, which require much higher laser exposure to develop, as we previously demonstrated (16) . This technique was recently described and tested by our laboratory (14, 16) . Importantly, laser or mechanically induced podocyte injury appeared to be mediated, at least in part, by P2 low level of fluorescence in control mice (Figure 1, A-D) . Like other Ca 2+ fluorophores, GCaMP3 may buffer Ca 2+ and therefore interfere with cell signaling. However, we observed no signs of altered subcellular localization (e.g., nuclear) that would indicate this (21) , and PodGCaMP3 mice showed no gross morphological or functional abnormalities (e.g., proteinuria) compared with WT mice (data not shown). These results indicated that Pod-GCaMP3 mice exhibit stable, long-term expression of GCaMP3 in podocytes with normal functions and thus allow for the sensitive detection of podocyte [Ca 2+ ] i dynamics in vivo using MPM. MPM is a powerful, minimally invasive imaging technique for the deep optical sectioning of living tissues. The basic principles, applications, advantages, and limitations of this imaging technology for the study of the living intact kidney, including the GFB, have been recently described in detail (14) . The first applications of MPM on the intact living kidney (15) were subsequently improved to directly and quantitatively visualize the permeability of the GFB to albumin and other macromolecules (25, 26) as well as podocyte motility/migration in health and disease in vivo (16, 19) . The feasibility of routinely performing MPM imaging of glomeruli in the intact kidney of several mouse strains has been confirmed by several laboratories (13, 14, 17, 18) .
The first applications of this new imaging approach indicated that time-lapse MPM imaging of Pod-GCaMP3 mouse kidneys represents a useful tool with which to directly visualize, in vivo Cell-to-cell propagation of the high podocyte [Ca 2+ ] i (calcium wave) mediated by extracellular ATP and purinergic signaling may be a new mechanism in secondary podocyte injury, consistent with the concept that podocyte injury damages other podocytes (the amplified cascade of podocyte injury) (36) . Although the expression of connexin 43 in podocytes has been reported, suggestive of gap junctional intercellular communication between podocytes (37), our results were only partially consistent with this possibility. The nonspecific gap junction uncoupler 18α-GA significantly inhibited the podocyte [Ca 2+ ] i wave ( Figure 4D) ; however, 18α-GA also blocks mechanosensitive, ATP-releasing connexin hemichannels that are involved in cell-to-cell purinergic [Ca 2+ ] i signaling (38) . Moreover, the diffusion of second messengers Ca 2+ or IP 3 through gap junctions is a known mechanism to link [Ca 2+ ] i responses of adjacent cells (39) . Our finding that the IP 3 receptor antagonist XSC inhibited the podocyte [Ca 2+ ] i wave ( Figure 4D ) may be consistent with gap junctional communication in podocytes; however, IP 3 receptor-mediated Ca 2+ mobilization can also be involved in P2 purinoceptor signaling. Most importantly, the podocyte [Ca 2+ ] i wave was completely inhibited by scavenging extracellular ATP (Figure 4D ), which further supports the primary role of purinergic rather than gap junctional intercellular communication between podocytes. The relatively low speed of the [Ca 2+ ] i wave propagation ( Figure 4D ) and the sustained, isolated high [Ca 2+ ] i in podocyte clusters in injury models ( Figure 5 ) also argue against gap junctional communication. It should be also purinoceptors, including P2Y2 ( Figure 2C and Figure 4D ). These results suggest a new and important role of P2 receptor-mediated purinergic Ca 2+ signaling in glomerular pathology and present the P2Y2 receptor as a potential new therapeutic target. The robust in vitro effects of extracellular ATP on podocyte [Ca 2+ ] i (31) and the expression of the P2Y2 purinergic receptor exclusively in podocytes in the native and isolated rat glomerulus (32) have been reported previously. Due to the expression of other P2 receptor subtypes in podocytes (e.g., P2Y1), at least in the rat kidney (33) , further studies are needed to determine the role and molecular players of podocyte purinergic [Ca 2+ ] i signaling in glomerular pathologies.
In addition to visualizing podocyte [Ca 2+ ] i in vivo for the first time during glomerular injury and disease progression, this new imaging approach allows simultaneous quantitative functional analysis of the glomerulus. This includes the measurement of albumin permeability of the intact GFB and glomerular tuft contraction (Figure 3, A-E) , which reflect changes in glomerular filtration rate. Other basic parameters of glomerular and kidney function may also be measured with MPM imaging, as established recently (13, 25, 26) . The temporary albumin leakage and podocyte/glomerular tuft contraction that were quantitatively visualized during progressive increases in podocyte [Ca 2+ ] i in vivo for the first time (Figure 3 , A-D) demonstrated the rapid (within a few seconds), highly dynamic, and reversible nature of these phenomena in the intact glomerular environment. The leakage of albumin usually appeared first around the injury site (coinciding with high [Ca 2+ ] i ) and then gradually developed around nearby capillary segments, simultaneously with the propagation of the [Ca 2+ ] i wave to those segments. Depending on the location of the primary injury (urinary versus vascular pole, or in between), and the intensity and direction of the [Ca 2+ ] i wave on the particular confocal section, in some images the leakage was more apparent in certain regions of the Bowman's space, but usually involved the entire glomerulus ( Figure 3, A and B , and Supplemental Video 3). Importantly, suramin pretreatment prevented the albumin leakage in this model of focal podocyte injury (Figure 3D ), which suggests that the propa- signaling mechanisms and their associated effects on glomerular (dys)function in the intact living kidney. Future use of this new imaging approach may provide important insights into glomerular disease processes and may help to identify novel therapeutic targets for the treatment of kidney diseases.
Methods
Animals. C57BL6/J mice 3-6 weeks of age were used. Pod-GCaMP3 fluorescent reporter mice, which specifically express the intensely green and calcium-sensitive fluorescent protein GCaMP3 in podocytes, were generated by crossing mice expressing Cre recombinase under the control of the podocin promoter (20) and GCaMP3 flox mice (22) . Both of these mice and P2Y2 purinergic receptor KO mice were purchased from the Jackson laboratory. Generation and use of Pod-GFP mice was described recently (19) .
MPM imaging. Animals were anesthetized with a combination of ketamine (100 mg/kg) and xylazine (10 mg/kg). A trachea tube was placed to facilitate breathing, and the right carotid artery and/or jugular vein was cannulated for dye infusion. Alexa Fluor 594-conjugated bovine serum albumin was injected i.v. to label the vasculature. The left kidney was exteriorized through a flank incision, and the animal was placed on the microscope stage as described previously (13) . Body temperature was maintained with a homeothermic blanket system (Harvard Apparatus). Optical sectioning of the intact kidney in vivo was performed using a Leica TCS SP5 multiphoton confocal fluorescence imaging system (Leica Microsystems) with a ×63 Leica glycerine-immersion objective (NA 1.3) powered by a Chameleon Ultra-II MP laser at 860-920 nm (Coherent) and a DMI 6000 inverted microscope's external nondescanned detectors with TRITC (red channel) and FITC (green channel) filters.
Podocyte injury. Acute podocyte injury was induced by focusing the laser beam on a small focal point at the periphery of a GCaMP3-positive cell (approximately 1-μm × 1-μm square-shaped ROI scan for 1 second at 20% laser power) to induce well-controlled and localized injury of a single podocyte. This technique was recently described by our laboratory for the injury of endothelial cells within glomerular capillaries (16) and for injuring the entire GFB (14) .
UUO disease model. UUO is an animal model widely used to study progressive renal disease and tubulointerstitial fibrosis (42, 43) . Between 3 and 8 weeks of age, animals were anesthetized with isoflurane, and after a midline laparotomy, the left ureter was exposed and ligated 3 times. Successful ligation was confirmed by the hydronephrotic distension of the kidney at the time of imaging.
Experimental FSGS disease model. An inducible model of experimental glomerular disease resembling classic clinical FSGS was induced with a cytotoxic antibody. Generation and characterization of these sheep anti-rabbit glomerular antibodies, which bind selectively to podocytes, have been described previously (23, 24) . This experimental FSGS model induces an abrupt decline in podocyte number, which is associated clinically with proteinuria onset and histologically with FSGS (23, 24) . Disease was induced by administering 12.5 mg/20 g BW sheep anti-rabbit glomerular IgG antibodies in a single i.p. injection.
Time-lapse calcium imaging. An optical section in the midportion of a superficial glomerulus was selected, and time (xyt) series with 1 frame per second were recorded before and after podocyte injury. The strong, positive, cell-specific signal (GCaMP3 fluorescence) and high-resolution MPM imaging allowed for easy identification of single podocyte cell bodies (without processes). ROI were drawn closely over the total cell body of single podocytes on confocal images (Figure 2A) , around and at different distances from the damage site, and the changes in mean GCaMP3 F/F0 (green channel; fluorescence intensity expressed as a ratio relative to baseline) were measured after the experiment in the defined noted that in most preparations, the same, reproducible podocyte [Ca 2+ ] i waves were observed, regardless of the location of primary podocyte injury. Injury of podocytes at the urinary versus vascular pole of the glomerulus produced similar results (data not shown), which suggests that active cell-to-cell propagation (ATP release, purinergic [Ca 2+ ] i signaling, [Ca 2+ ] i -induced ATP release, and so on) was the underlying mechanism, rather than extracellular diffusion of the mediator substance (ATP). The regenerating nature of the podocyte [Ca 2+ ] i wave ( Figure 2B ) further supports active propagation versus mediator diffusion. Similar propagation of purinergic [Ca 2+ ] i waves were found in several cell types, including the cells of the in vitro-microperfused glomerulus (27) and the glomerular endothelium (38) .
The single GCaMP3 fluorescence method presented here provided highly sensitive and accurate measurement of the relative changes in podocyte [Ca 2+ ] i , both in vivo and in vitro during various experimental maneuvers. This was confirmed by the identical relative changes in podocyte [Ca 2+ ] i detected by the single GCaMP3 and classical Fluo-4/Fura Red ratiometric approaches ( Figure 4C ). Similarly to its previous applications in other cell types and organs (21, 22) , the robust, several-fold increases in GCaMP3 fluorescence allows single-channel detection of [Ca 2+ ] i without the need for ratiometric measurements. Even more sensitive versions of GCaMPs were developed recently (e.g., GCaMP5 and GCaMP6; refs. 40, 41), which may be used for several future intravital applications.
Use of this new imaging approach in vivo in renal disease models, such as those shown in Figure 5 , should help to better understand the mechanistic details and the role of podocyte [Ca 2+ ] i in the development of renal pathologies. At least in the presently applied disease models of kidney fibrosis (UUO) and FSGS (cytotoxic IgG), a slow, steady rise was observed in podocytes, rather than rapid and sustained high [Ca 2+ ] i ( Figure 5 ), consistent with the slowly progressive nature of these diseases. In addition, the heterogeneous distribution of podocyte clusters with high [Ca 2+ ] i along select glomerular capillaries after cytotoxic IgG treatment ( Figure 5D ) resembled the typical focal segmental pattern of FSGS pathology. Also, consistent with our recent report that podocytes can migrate to the parietal Bowman's capsule after UUO (19) , our present studies found high [Ca 2+ ] i in those podocytes that made contact with the parietal layer or apparently migrated to the parietal Bowman's capsule ( Figure 5A ). These results provide important insights into changes in podocyte [Ca 2+ ] i during disease progression and directly show the association of high podocyte [Ca 2+ ] i with podocyte clustering and migration in UUO and FSGS ( Figure 5 ). Our data are consistent with earlier reports on the role of [Ca 2+ ] i in podocyte motility (3, 7, (9) (10) (11) . It should be noted, however, that the present finding of high [Ca 2+ ] i in motile or migrating podocytes is merely a correlation. To determine whether high podocyte [Ca 2+ ] i plays a direct causative role in cell migration, and other pathogenic (9) or protective (12) roles in various glomerular diseases, and to clarify which podocyte [Ca 2+ ] i regulating molecular mechanisms are most significant, will require further study.
In summary, the present studies describe the development and first applications of a new imaging approach to visualize podocyte [Ca 2+ ] i in vivo in the intact glomerular environment and in glomerular disease states, which is an important technical breakthrough in kidney disease research. Our results suggest that purinergic [Ca 2+ ] i signaling is a robust and key novel pathogenic mechanism in podocyte injury. MPM imaging of Pod-GCaMP3 mice allows for complex and dynamic investigation of Ca 2+ -coupled key podocyte Fluorescence emission was detected every 2 seconds at 530 ± 20 nm (for GCaMP3 and Fluo-4) or >600 nm (for Fura Red) in response to excitation at 488 nm using a Leica TCS SP2 AOBS MP confocal microscope system, as described previously (27) . Fluorescence intensity measurements were performed in ROI drawn closely over the total cell body of single cells on confocal images using the Quantify package of LAS AF Lite software (2.0.2 build 2038, Leica-Microsystems). In some experiments, the IP3 receptor blocker XSC (20 μmol/l; Sigma-Aldrich), the gap junction (connexin) inhibitor 18α-GA (25 μmol/l; Sigma-Aldrich), or the extracellular ATP scavenging cocktail of apyrase plus hexokinase (50 U/ml each; Sigma-Aldrich) was applied to the bathing and/or perfusion solutions.
Immunohistochemistry. Animals were anesthetized and perfused with icecold PBS into the left ventricle followed by ice-cold 4% PFA for 2 minutes each, and harvested kidney slices were embedded in OCT. Frozen kidney sections (6 μm) were postfixed in 4% PFA and incubated with goat antipodocin primary (1:100; Sigma-Aldrich) and donkey anti-goat Alexa Fluor 594-conjugated secondary (1:500; Invitrogen) antibodies for 1 hour each at room temperature. Subsequent immunofluorescence labeling was performed to enhance GCaMP3 fluorescence by overnight incubation at 4°C with 1:1,000 dilution of rabbit anti-GFP (Invitrogen) primary antibodies (which recognize GCaMP3) followed by 4 hours of incubation at room temperature with goat anti-rabbit secondary antibodies (1:500; Invitrogen) conjugated with Alexa Fluor 488. Confocal fluorescence microscopy was performed using the same Leica TCS SP5 microscope as described above.
Statistics. Data are expressed as mean ± SEM and were analyzed using 2-tailed Student's t test. A P value less than 0.05 was considered significant.
Study approval. All animal protocols were approved by the IACUC at the University of Southern California.
ROI using the Quantify package of LAS AF Lite software (2.0.2 build 2038; Leica-Microsystems). In the applied disease models, when the positive cells were not uniformly distributed (see Figure 5 ), GCaMP3 and GFP F/F0 were measured in ROI that were hand-drawn closely over the total cell body of multicell podocyte clusters located either at the visceral or parietal Bowman's capsule. The increased albumin permeability of the GFB was assessed by the change in albumin-Alexa Fluor 594 F/F0 in the Bowman's space (red channel; fluorescence intensity expressed as a ratio normalized to baseline) (25) . The changes in glomerular tuft area were measured using Leica LAS AF software quantification tools. In some mice, Ang II (400 ng/kg BW; Phoenix Phamaceuticals), the purinergic receptor inhibitor suramin (50 mg/kg bolus, followed by 150 mg/kg/h maintenance infusion; Sigma-Aldrich) (44) and/or the AT1 receptor blocker losartan (9.9 mg/kg BW; Sigma-Aldrich) (45) were administered by i.v. infusion. The efficient dosing and intrarenal delivery of Ang II was confirmed by its robust effects of glomerular hemodynamics, e.g., efferent arteriole contraction (data not shown).
Freshly dissected and in vitro microperfused glomerulus. Individual glomeruli with attached afferent arteriole (AA) were dissected freehand from freshly harvested kidneys of anesthetized WT or Pod-GCaMP3 mice and perfused in vitro using methods that were described previously (27) . Briefly, the AA was cannulated and microperfused, and the entire preparation was loaded with Fluo-4/Fura Red-AM added to the perfusate (1 μM; Invitrogen) at 25°C for 15 minutes for single GCaMP3 or Fluo-4/Fura Red ratiometric [Ca 2+ ]i imaging. Dissection media were prepared from DMEM mixture F12 (Sigma-Aldrich). Fetal bovine serum (Hyclone) was added at a final concentration of 3%. Arteriole perfusion and bath fluid was a modified KrebsRinger-HCO3 buffer containing 110 mM NaCl, 25 mM NaHCO3, 0.96 mM NaH2PO4, 0.24 mM Na2HPO4, 5 mM KCl, 1.2 mM MgSO4, 2 mM CaCl2, 5.5 mM d-glucose, and 100 μM l-arginine. Each preparation was transferred to a thermoregulated Lucite chamber mounted on an inverted microscope (Leica IRE2; ×63 1.3NA oil immersion objective). The preparation was kept in the dissection solution; temperature was kept at 4°C until cannulation of the arteriole was completed, then gradually increased to 37°C for the remainder of the experiment. The bath was continuously exchanged (1 ml/min) and oxygenized (95% O2, 5% CO2) throughout the experiment. In this preparation, a single podocyte was selected for direct mechanical stimulation (touch) of the cell's surface with the tip of a perfusion pipette (2-3 μm diameter) (46) . Elevations in podocyte [Ca 2+ ]i were monitored by increases in GCaMP3 F/F0 or in Fluo-4/Fura Red R/R0. In some preparations from GCaMP3 mice, Fura Red was loaded for simultaneous measurement of mesangial and endothelial [Ca 2+ ]i. Mesangial cells (inside the glomerular tuft between perfused capillary loops and in continuum with the typical extraglomerular mesangium) and endothelial cells (bulging cell bodies inside the lumen of perfused glomerular capillaries) were identified based on anatomical considerations (Supplemental Video 4).
